A B S T R A C T The contribution of reduced purine salvage to the hyperuricemia associated with hypoxanthine-guanine phosphoribosyltransferase deficiency was measured by the intravenous administration of tracer doses of [8-14C]adenine to nine patients with normal enzyme activity, three patients with a partial deficiency of hypoxanthine-guanine phosphoribosyltransferase, and six patients with the Lesch-Nyhan syndrome. The mean cumulative excretion of radioactivity 7 d after the adenine administration is 5.6+2.4, 12.9±0.9, and 22.3±4.7% of infused radioactivity for control subjects, partial hypoxanthine-guanine phosphoribosyltransferase-deficient subjects, and LeschNyhan patients, respectively. To assess relative rates of nucleotide degradation in control and hypoxanthineguanine phosphoribosyltransferase-deficient patients two separate studies were employed. With [8-'4C]inosine administration, three control subjects excreted 3.7-8.5% and two enzyme-deficient patients excreted 26.5-48.0% of the injected radioactivity in 18 h. The capacity of the nucleotide catabolic pathway to accelerate in response to D-fructose was evaluated in control and enzymedeficient patients. The normal metabolic response to intravenous fructose is a 7.5+4.2-mmol/g creatinine increase in total urinary purines during the 3-h after the infusion. The partial hypoxanthine-guanine phosphoribosyltransferase-deficient subjects and Lesch-Nyhan patients show increases of 18.6±10.8 and 17.3+11.8 mmol/g creatinine, respectively. Of the observed rise in purine exretion in control subjects, 40% occurs from Dr.
INTRODUCTION
The deficiency of hypoxanthine-guanine phosphoribosyltransferase is associated with massive overproduction and overexcretion of uric acid (1) (2) (3) . The mechanism for excessive uric acid synthesis in this disorder has been investigated in vivo by measuring the enrichment of uric acid by isotopic glycine (2, 4, 5) . Incorporation ofglycine into the purine ring during de novo synthesis (2, 4, 5) labels inosine-5'-monophosphate (IMP)' that can then be degraded to inosine, hypoxanthine, xanthine, and uric acid (Fig. 1) . The 20-fold increase in the rate of incorporation of ['4C ]glycine into urinary uric acid in the deficiency of hypoxanthine-guanine phosphoribosyltransferase is believed to result from a 20-fold elevation in the rate of purine biosynthesis de novo (2) .
The explanation of excessive uric acid production on the basis of increased de novo purine synthesis does uric acid overproduction in hypoxanthine-guanine phosphoribosyltransferase deficiency. The absence of this enzyme leads to an inability to resynthesize IMP from hypoxanthine. As a result, any hypoxanthine formed in this disorder can only be oxidized to uric acid. Because the amount of hypoxanthine reutilization in normal man is not known, the relative contribution of absent hypoxanthine reutilization to increased uric acid production in hypoxanthine-guanine phosphoribosyltransferase deficiency has not been measured in vivo. The formation of ['4C ]uric acid from [14C]glycine in man involves [14C]hypoxanthine synthesis as an intermediary step (Fig. 1) . Thus, the previously observed increase in the rate of glycine incorporation into uric acid may reflect decreased hypoxanthine reutilization as well as accelerated de novo synthesis.
To assess the relative contribution of a disorder of hypoxanthine salvage to uric acid overproduction in hypoxanthine-guanine phosphoribosyltransferase deficiency, we have used [8-14C] adenine or [8-14C] inosine administration to compare this pathway isolated from de novo synthesis in subjects with deficient or normal enzyme activity. Our observations suggest that decreased hypoxanthine reutilization is an important contributor to uric acid overproduction in this enzyme deficiency.
METHODS
Tetrasodiuin phosphoribosylpyrophosphate, D-fructose, uricase, xanthine oxidase, AMP, IMP, adenine, and purine nucleoside phosphorylase were purchased from the Sigma Chemical Co., St. Louis, Mo. Xanthine and hypoxanthine were purchased from Calbiochem-Behring Corp., American Hoechst Corp., San Diego, Calif. Charcoal was obtained from Barnebey-Cheney Co., Columbus, Ohio. From Amersham Corp., Arlington Heights, Ill., we purchased [8-14C] hypoxanthine (50 mCi/mmol) and [8-14C] 10 hyperuricemic patients with normal erythrocyte hypoxanthine-guanine phosphoribosyltransferase, 6 patients with a partial deficiency of this enzyme, and 6 patients with the Lesch-Nyhan syndrome were admitted to the Clinical Research Center at the University of Michigan Medical Center. Nine of the control patients had inactive gouty arthritis and one had recurrent renal calculi (Table I ). The patients with a partial enzyme deficiency had gout and(or) renal calculi, whereas the other six patients had Lesch-Nyhan syndrome (Tal)le I). Informed consent was obtained from all adult patients and from the parents of children. Each patient received a weight maintenance, purine-free diet with 10-12% protein 5-7 d before and throughout the study period. No medication that might affect uric acid synthesis or excretion was given.
10-25 itCi of [8-'4C] adenine contained in 2-5 gmol of adenine was administered intravenously through Cathivex filters. The filters were flushed with 40 ml of 0.87% sodium chloride to insure delivery of the entire isotope dose. Daily urine collections were obtained over the following 1-3 wk.
An aliquot consisting of 0.5 ml of each urine sample was spotted on Whatman 3MM chromatographic paper (Whatman, Inc., Clifton, N. J.) and counted in a Packard model 3003 liquid scintillation spectrometer (Packard Instruments Co., Inc., Downers Grove, Ill.). The total amount of radioactivity excreted each day was calculated and this value was factored by the total amount of radioactivity infused to determine the percentage of excretion. Similar isotope infusion studies were carried out with [8-'4C] inosine. 10 ,uCi of ['4C]inosine contained in 1 ,umol of inosine was infused intravenously through 0.22 ,uM Cathivex filter. Urine was collected at 2-to 3-h intervals for the 36 h after inosine infusion. Urinary radioactivity was determined by the method described above for [8-'4C]adenine infusion.
3-5 d after radioactive adenine administration, all patients received fructose (0.5 g/kg) intravenously over 10 min as described (6, 7) . Blood for plasma urate determination was obtained at 0, 15, 30, 60, 90, and 150 min after the start of the intravenous fructose. Urine for creatinine, radioactivity, and purine assay was obtained at hourly intervals for 1 h before and 3 h after fructose infusion.
Purines were extracted from urine using activated charcoal. 10-20 ml of each urine sample were suspended in 0.5-1.0 ml of washed, activated charcoal for 15 min and then filtered through a Buchner funnel. This procedure was repeated twice to bind all purine compounds to the charcoal. These substances were then eluted from the charcoal by washing eight times with 5 ml of 50% ethanol and 3% NH40H. The efficiency of the charcoal-binding technique was tested in urines from patients previously given intravenous [8-'4C]-adenine. Of the total urine radioactivity, 96% bound to the charcoal and 81% could subsequently be eluted with the ethanol and ammonium hydroxide washes. In separate experiments, the specific binding and elution characteristics of individual purine compounds was determined by adding known quantities of purine break down products to normal urine. Uric acid, hypoxanthine, and inosine all bind to charcoal with >95% efficiency. Elution washes resulted in 93, 74, and 90% recovery of the initial quantity of added purines for uric acid, hypoxanthine, and inosine respectively. The elutant was evaporated to dryness in a Matheson oven at 40°C (Matheson Gas Products, East Rutherford, N. J.). The residue was resuspended in 1.5 ml of 0.05 N NaOH and applied to a Bio-Gel P-2 column (Bio-Rad Laboratories, Richmond, Calif.) 1.6 x 60 cm equilibrated with 50 mM sodium borate, pH 9.1. 1-ml fractions were collected in a LKB 700 ultrarac fraction collector (LKB Instruments, Inc., Rockville, Md.). The radioactivity of each sample was determined by spotting 400 ul on chromatographic paper and counting in a Packard model 3003 liquid scintillation spectrometer system (Packard Instruments Co.). The ultraviolet absorbance of each fraction was measured at 258 and 280 nm on a Cary spectrophotometer (Cary Instruments, Fairfield, N. J.). The fractions were pooled and assayed specifically for uric acid, hypoxanthine, xanthine, and inosine by enzymatic spectrophotometric methods.
Hypoxanthine-guanine and adenine phosphoribosyltransferases were determined by radiochemical methods (8) . Serum urate and urinary uric acid and oxypurines were quantitated by enzymatic spectrophotometric methods (9, 10) . Urinary inosine was measured by an enzymatic spectrophotometric assay developed in our laboratory.2 Urine is diluted 1:9 in 67 mM glycine, pH 9.4. Uricase is then added and this mixture is incubated at 25°C for 2 h to remove any uric acid present in the urine. The uricase is subsequently patients with a partial deficiency of hypoxanthineguanine phosphoribosyltransferase have a mean cumulative excretion of 12.9+±0.9% (Fig. 2) . Because of the age difference between the patient groups, one cannot rule out an influence of this variable on the results.
Basis for increased radioactivity excretion
The excretion of radioactivity in the urine after the radiolabeling of the adenine nucleotide pool with [8-'4C] adenine is markedly increased when hypoxanthine-guanine phosphoribosyltransferase is deficient. This may reflect diminished reutilization of hypoxanthine to IMP (Fig. 1) . However, an alternative interpretation ofthese observations may be an increase in the rate of adenine nucleotide degradation in the enzyme-deficient subjects. These possibilities were examined by further studies.
Decreased reutilization of hypoxanthine. The three groups of patients studied demonstrate a similar rapid elevation of plasma urate to near peak levels within 30 min of the fructose administration (Fig. 3) . Base-line plasma urate concentrations in seven control subjects increased by 1.6+0.8 mg/dl, by 2.2+ 1.0 in six patients with partial enzyme deficiency, and by 2.1±0.3 mg/dl in six patients with complete enzyme deficiency.
Urinary total purine excretion is increased after D-fructose administration in all patients studied, although the pattern of purine compounds excreted is altered in the enzyme-deficient subjects (Fig. 4) . The increase in total urinary purine excretion 3 h after intravenous fructose is 7.5±4. 22 18.6+10.8, and 17.3±11.8 mmol/g creatinine in seven control subjects, six patients with a partial enzyme deficiency, and six patients with the Lesch-Nyhan syndrome, respectively. 73% of this increase of purine excretion is accounted for by inosine and hypoxanthine in subjects with normal enzyme activity, whereas virtually all the increase of purine excretion in enzyme-deficient patients is accounted for by elevated uric acid excretion (Fig. 4) After a fructose infusion, the increased radioactivity is associated with inosine and to a lesser extent with hypoxanthine (Fig. SB) . In patients with Lesch-Nyhan syndrome, there is little difference in the profile of purine composition or the amount of radioactivity appearing in urine before and after fructose infusion ( Fig. 6C and D) . The radioactivity in these urines represents uric acid with only a minor contribution by hypoxanthine. The urinary purine profile and radioactivity distribution in the subjects with partial deficiency of hypoxanthine-guanine phosphoribosyltransferase is markedly different from the patterns of normal or Lesch-Nyhan subjects. Only 30% of the radioactivity in the base-line urines (Fig. 6A) could be accounted for in the usual measured purine pools (uric acid, xanthine, hypoxanthine, and inosine). The majority of the radioactivity in these urines was eluted from the Bio-Gel P-2 column in specific peaks, but the metabolic products in these radioactive fractions have not yet been determined. It is possible that the higher serum urate levels associated with the partial enzyme deficiency may lead to an increased amount of uric acid oxidation by intestinal bacteria. The major catabolic product, allantoin, and its many oxidative products may be reabsorbed into the body and excreted in the urine.
DISCUSSION
Two purine salvage enzymes in man catalyze the transfer of the ribose-5-phosphate moiety of phospho- ribosylpyrophosphate to a purine base, forming the corresponding nucleoside 5'-monophosphate (25, 26) (Fig. 1) . The highest levels of these enzymes are found in cells with limited capacity for de novo purine production, such as erythrocytes, nerve cells, and leukocytes (27) (28) (29) . The actual contribution of purine salvage enzymes to nucleotide synthesis in man was not appreciated until the discovery ofthe hypoxanthineguanine phosphoribosyltransferase deficiency in the . Investigations of the hyperuricemia in this disorder appeared to indicate an elevated rate of purine synthesis de ntovo on the basis of a 20-fold increase in the rate of incorporation of ['4C]glycine into urinary uric acid (2) (3) (4) . The rate of de novo purine synthesis is elevated only by threeto fourfold with the more specific method of ['4C]formate incorporation into formylglycineamide ribonucleotide in enzyme-deficient cultured fibroblasts and lymphoblasts (31) (32) (33) . This increased rate of purine biosynthesis de novo is explained by a rise in the concentration of intracellular phosphoribosylpyrophosphate, a ratelimiting substrate for this pathway (34) . Interest in the contribution of increased purine biosynthesis de novo to the elevated uric acid production in hypoxanthine-guanine phosphoribosyltransferase deficiency has tended to minimize a possible role for reduced hypoxanthine reutilization. In fact, the incorporation of [14C]glycine into uric acid in man represents the cumulative activity of de novo purine synthesis, purine nucleotide degradation, and hypoxanthine reutilization (Fig. 1) . The quantitation of purine nucleotide degradation and hypoxanthine reutilization without a direct influence from purine synthesis Purine Salvage in Hypoxanthine-Guanine Phosphoribosyltransferasede novo is possible with the administration of [8-14C] adenine in man. Isotopic adenine given to rats and rabbits is distributed in the adenine nucleotide pool of many organs (35) (36) (37) (38) with more rapid uptake into tissues with a high rate of cellular turnover such as intestine, bone marrow, and spleen (36, 37) . Isotopic adenine may have a similar metabolic rate in man (13) (14) (15) 39) .
A daily urinary excretion of 0.8% of the administered radioactivity results from the turnover of the labeled adenine nucleotide pool and agrees with previous observations (13) (14) (15) . A fourfold increase of urinary radioactivity excretion occurs in patients with LeschNyhan syndrome (Fig. 2) and support the role of impaired hypoxanthine salvage in the purine overexcretion associated with hypoxanthine-guanine phosphoribosyltransferase deficiency in vivo. A similar mechanism was recently suggested for the overexcretion of purine by enzyme-deficient cells in vitro (40) . Our data do not support the possibility that the increased radioactivity excretion in hypoxanthineguanine phosphoribosyltransferase deficiency results from an elevated rate ofadenine nucleotide degradation. In this enzyme-deficiency state, the increased amount of total purine excretion and the normal rise in serum urate levels observed after an infusion of fructose (Figs. 3 and 4) indicate at least a normal capacity for the degradation of an increased substrate load. These studies do not suggest that the adenine nucleotide pool has been chronically depleted by an increased rate of degradation. Findings by other investigators of normal levels of intracellular purine nucleotides in cells from hypoxanthine-guanine phosphoribosyltransferase-deficient subjects support the premise of normal adenine nucleotide catabolism in these patients (31, 41, 42 The increase in inosine and hypoxanthine excretion after fructose infusion in control subjects indicates that the catabolic enzymes, purine nucleoside phosphorylase and xanthine oxidase, may become limiting for the increased substrate load imposed by the fructose infusion. In contrast, in the partial and complete deficiencies of hypoxanthine-guanine phosphoribosyltransferase, uric acid comprises the major fraction of the observed urinary purine rise after fructose infusion. This altered pattern of urinary purine excretion may indicate an increased activity of hepatic xanthine oxidase and purine nucleoside phosphorylase. In enzyme-deficient patients this may result in response to chronically elevated substrate levels for these two enzymes. The previous observation of a 12-fold elevation of hepatic xanthine oxidase in a patient with gout and a partial deficiency of hypoxanthineguanine phosphoribosyltransferase provides evidence to support the latter hypothesis (47) .
The data described suggest that the increased rate of radioisotope excretion after [8-'4C] adenine administration in hypoxanthine-guanine phosphoribosyltransferase deficiency represents decreased reutilization of hypoxanthine. From these observations, estimations concerning the role of hypoxanthine salvage are possible. The control subjects with normal erythrocyte hypoxanthine-guanine phosphoribosyltransferase levels excrete 5.6+±2.4% of the infused radioactivity per week. In contrast, patients with the Lesch-Nyhan syndrome and an inability to reutilize hypoxanthine excrete 22 The loss of the ability to reutilize hypoxanthine in Lesch-Nyhan syndrome represents the absence ofan important mechanism for nucleotide homeostasis. Because there is no evidence for an altered nucleotide pool in this disorder (31, 41, 42) , an increase in de novo purine synthesis must occur to maintain normal intracellular nucleotide concentrations. Thus, two separate influences drive de novo purine synthesis in Lesch-Nyhan syndrome: (a) an increased intracellular concentration of phosphoribosylpyrophosphate, as a result of the absence of hypoxanthine-guanine phosphoribosyltransferase activity, and (b) a failure to reutilize hypoxanthine that results in the loss of a normal major source of intracellular nucleotide synthesis.
